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CHAPTER I 
INTRODUCTION 
Most procedures in use today for the design of flexible pavement 
systems employ empirical techniques that have proven adequate over the 
years. There are almost as many design procedures as there are agencies 
using them. Among the more widely used methods are the California 
Bearing Ratio Method, the North Dakota Cone Method, the Group Index 
Method, the Corps of Engineers Method, and the Asphalt Institute 
Method. 
In an effort to standardize design techniques 1 mllch attention has 
been and is being focused on procedures that treat the pavement system 
as a structural assembly. Impetus in this direction was fueled by the 
American Association of State Highway Officials (AASHO) Road Test. An-
other important factor influencing this effort was the instigation of 
tqe International Conference on the Structural Design of Asphalt Pave-
ments which convened first in 1962 and again in 1967 at the University 
of Michigan. 
In treating asphalt pavements as though they consisted of struc-
tural components, the major obstacle to overcome is that of determining 
the parameters defining the material's behavior under load. Although it 
is recognized that the system is not elastic, elastic theory has been 
utilized. Strength parameters, such as the modulus of deformation taken 
from the stress-strain curve of a confined compression test, have been 
used in design. The California Bearing Ratio, determined from relating 
the penetration of a standard plunger into the test material to that of 
the penetration in a standard crushed rock material, is also a widely 
used strength parametero 
2 
One problem with using these methods to determine material con-
stants lies in the fact that the tests involve static loading conditions 
while an in-situ pavement is subjected primarily to dynamic loading. 
Another problem arises due to the destructive nature of the tests. Once 
a laboratory specimen has been tested by this method, it is no longer 
usable. This, coupled with the gross inhomogeneity of the material 
under study, introduces a large degree of variation from test sample to 
test sample. 
A testing method for road construction materials is needed which 
permits the determination of material constants from evaluative proce-
dures that more closely approximate the type of loading and the loading 
conditions existing under actual use. This test should be such that a 
single material sample could be tested many times under varying condi-
tions using a repetitive or dynamic loading technique. That is, a non-
destructive, dynamic test procedure is desired., 
In this study, a test technique used by acoustic engineers in their 
study of more homogeneous materials such as metals 9 plastics, ceramics, 
and glass has been applied to asphaltic paving materials. By measuring 
the propagation velocity of high frequency sound waves through the mate-
rial, various material constants can be determined. The advantages of 
this technique are primarily threefold. First, the test procedure is 
nondestructive, permitting many measurements to be made on the same 
specimen. Secondly, the test procedure is dynamic, and more closely 
approaches the type of loading occurring on the in-situ structure. 
Thirdly, the test is easily and rapidly performed. 
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While this testing technique has certain advantages over standard 
types of tests and shows great promise of becoming a valuable tool for 
the engineer for design and analysis of flexible paving materials, it is 
not a testing panacea at the present stage of developmento The elec-
tronic equipment required for this technique is expensive. In addition, 
the operator of the equipment should possess some knowledge of the 
expected behavior of the material under test as well as a working knowl-
edge of acoustical theorye Another drawback is one common with other 
dynamic methods of testing asphalt concrete, ipe~ 9 the assumption that 
elastic theory holds true for this materialt 
The primary objective of this work was to develop instrumentation 
by which the propagation velqcity of both the shear and compressional 
waves could be directly determined. In support of this development, the 
relationship between the respective wave velqcities and material temper-
atures over a temperature range representative of in-service conditions 
were to be determined. The effects of asphalt content and/or void con-
tent upon the acoustic wave velocities in a specific mixture were 
examined. Another area of interest was to be the determination of the 
material constants determined from eleastic theory equations, i 0 eo, 
E-modulus, G-modulus, and Poisson's ratio, and their variation with 
temperature. 
CHAPTER II 
REVIEW OF LITERATURE 
In recent years, nondestructive dynamic testing of pavement mate-
rials has been emerging from the shadows of speculative research to take 
its place as a useful tool for the practicing highway engineer~ The 
illogical use of static tests to design structures which, in reality, 
operate under dynamic loading conditions has long been questioned by 
many engineers. 
In essence, the goal of dynamic testing of roadway materials has 
been to ~valuate the primary elastic properties (Young's modulus, E, and 
the shear modulus, G) of the materials for their dynamic behavioral 
characteristics. From these values, various theories give the possibil-
ity of calculating stress and deflection in the pavement,,system., 
Since the late 1930's, dynamic testing of roads and road construc-
tion materials has developed along two lines. The first has been the 
study of pavement systems in-situo The second concerns the study of the 
individual pavement materials in a laboratory environmento 
In-Situ Testing 
As early as 1928, German research engineers were utilizing non-
destructive vibrational techniques to study the response characteristics 
5 
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of roads and runways (12) (7) (~1). Elastic waves generated on in-situ 
pavements by a mechanical oscillator of the rotary out-of-balance type 
were analyzed to determine vibrational behavior. 
Perhaps.the leader in field testing of pavement systems has been 
the Amsterdam Koninklijke/Shell-Laboratorium (13). The Shell laboratory 
developed a heavy mechanical vibrator along the same lines as Deutsches 
Gesellschaft fur Bodenmechanik (DEGEBO) .. The Shell vibrator is capable 
of generating alternating vertical forces of a few tons corresponding in 
magnitude and frequency to the forces exerted on pavements by heavy 
trucks. This vibrator, developed by van der Poel (50) 9 allows measure-
ment of dynamic deflections and also generates a stress wave of suffi-
cient power to penetrate up to 10 meters of pavement depth. Nijboer 
(37) developed a light electrodynamic vibrator for higher frequency 
waves with lower penetrating power. All the equipment is mobile and 
self-contained. 
Initial tests with this equipment were carried out in three phases 
(15), First, tests on subgrades established several points of intereste 
It was found that a rough correlation between the dynamic modulus of 
elasticity computed from observations of the wave velocity (V) and the 
true density (d) of the medium through which the waves are propagated 
(E ~'. dVa ) and field CBR values seemed to exist 9 i .. e .. , E ~ 100 CBR. It 
was also determined that E decreased with increasing water content (in 
clay), while increasing with increasing compactive effort. Compacted 
unbound granular material placed to serve as subbases was found to have 
an upper limit for the E modulus which was no greater than the E modulus 
1The numbers in parentheses correspond to the listing of the refer-
ence in the Bibliography. 
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of the underlying soil. 
Tests on unbound base course materials revealed that their E values 
were dependent on the rigidity of the underlying material. Bound mate-
rials, on the other hand, exhibited much higher E values which were only 
slightly effected by the properties of the subgrade material. Bitumi-
nous base courses as well as surface courses had approximately the same 
E values. This E value was highly dependent upon temperature. Base 
courses constructed with lean Portland cement had properties which were 
independent of temperature~ 
Finally, tests were run on the complete pavement system. It was 
found that these tests could be used to evaluate the condition of the 
pavement system at considerable depth as well as to provide a means of 
following progressive alteration in the pavement properties with time 
(14). 
Another apparatus for in-situ testing employed by E. N. Thrower 
(48), at the Road Research Laboratory in England, also provided dynamic 
loading for pavement structures. Thrower's tests demonstrated that the 
dynamic elastic moduli for bituminous materials were both frequency and 
temperature dependent and were complex in charactere An increase of 
modulus values corresponded both to an increase in test frequency and a 
decrease in material temperature. 
The Road Research Laboratory (52) has developed test apparatus for 
measuring moduli of soils specifically applicable to pavement design, 
An axial load is applied to a triaxial sample by means of a cam and a 
spring imparting a realistic form of stress pulse to the sample .. 
Lateral pressure on the sample can also be applied in phase with the 
axial loading. From these tests, the dynamic modulus of elasticity for 
soil types usually found under roads appeared to range from 3000 to 
60,000 psi. 
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Recently, a new two degree-of-freedom vibrator has been proposed as 
a testing apparatus for in-situ materials (51)0 The two degree-of-
freedom system has the advantage of operating throughout the entire fre-
quency range of interest as well as allowing a significant reduction in 
the weight of the apparatus itself. 
C. T. Metcalf (34) has developed a high frequency vibrator center-
ing around a Goodman electromagnetic vibrator capable of exerting forces 
upon in-situ materials of up to 15 kilograms 9 Using this equipment, 
Metcalf tested pavement structures at test sites located in Colorado and 
in Minnesota. He concluded that temperature significantly influenced 
wave velocity and that the type of material incorporated in the pavement 
structure effected the stress wave velocitieso 
Recently, Michael E~ Szendrei and Charles RG Freeme (47) have pub-
lished reports of vibrational testing procedures by which wave propaga-
tion, attenuation, and impedence measurements on in-place road pavements 
were combined to evaluate deflections under a moving load. 
Laboratory Testing 
At the present time, laboratory testing of materials provides the 
most advanced and most sophisticated means of. evaluating material 
properties. The advantages of being able to isolate the material vari-
ables under study from extraneous interfering influences as well as the 
advantage of being able to closely control sample preparation and the 
atmospheric environment allow the observation of behavioral characteris-
tics which are often not measurable by field testing methods. 
Laboratory dynamic tests are usually conducted on the individual pave-
ment constitutents, i.e., subgrade materials (clay), subbase (sand and 
gravel), base course (stabilized material), and surface course (asphalt 
concrete or Portland cement concrete)o The two major types of labora-
tory dynamic tests usually applied to soils are variations on dynamic 
triaxial tests .. and stress wave propagation analyses. 
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Kenneth L. Lee and H. Bolton Seed (27) developed a test procedure 
in which a triaxial specimen was subjected to pulsating cyclic loadings. 
They concluded that the strength of the specimen under pulsating loading 
conditions was found to increase with increasing density9 increasing 
confining pressure 9 and increasing ratio of major to minor principal 
stress under consolidationg They also found that a comparison of the 
pulsating loading strength with ~he static strengths for the three soils 
(2 sands and a compacted silt) investigated failed to suggest any unique 
relationship which might be used to predict the pulsating loading 
strength from the results of static loading testso 
The dynamic modulus of elasticity of sand and the effect of stress 
condition on the modulus were studied by Shannon, Yamane, and Dietrich 
(44) using a test apparatus similar to a triaxial compression apparatus. 
The base of the specimen was secured to a diaphragm which could be 
forced to vibrate at small amplitude by an externally applied vibrator. 
The results indicated an increase in modulus with confining pressure and 
an increase in the resonant frequency of the sample with confining pres-
sure as well. 
In one experimental study 9 over two hundred tests were performed on 
samples representing three basic soil types to study the relationship 
between pulse velocity, dry density, water content, and compactive 
effort. The wave velocities were determined using a James Electronics, 
Inc. V-Scope (~5). It was found that pulse velocity increased mono-
tonically with dry density for a constant water content until a maximum 
velocity was reached after which velocity decreased with increasing dry 
density. 
Brown and Pell (3) studied the behavior of a clay of medium 
plasticity when subjected to a dynamic load pulse~ Their measurements 
of stress and strain distribution indicated that the stresses generally 
agreed well with Boussinesq Theoryo Loyd Do Hampton (11) measured the 
acoustic properties of sediments using pulse techniques~ He defined 
relationships for the frequency dependence of attenuation of the 
sediments. 
The dynamic characteristics of surfacing materials have been stud-
ied by several test methods. Flexure tests on Portland cement concrete 
and asphalt concrete have been carried O\.l.t by many investigators. 
Monismith (35) employed a test system in which an apparatus consisting 
of a spring base to simulate the base-subgrade combination in the field 
and a device to apply repeated loadings of short duration was used to 
test flexure properties. He found that the fatigue resistance of a 
paving mixture increased with asphalt content and that there was little 
influence due to differing physical properties of the incorporated 
asphalt binder. Monismith also determined that the deformation induced 
in a paving mixture was a better criterion for determining the behavior 
of a paving mixture in repeated flexure than deflection alone. 
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Jimenez and Gallaway (19) studied the resistance to repetitive 
loading of slab-type asphalt concrete specimens both laboratory-
fabricated and cut from existing roads" They utilized a "deflectometer" 
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which supplied vertical loading by the rotation of two eccentrics. The 
specimen was clamped and supported by a rubber membrane which was in 
turn supported by oil pressure. They concluded from their tests two 
principal facts. First, the flexibility of thin asphaltic concrete 
slabs is greater ~han that of thicker ones but the thinner slabs have 
less resistance to repeated load., Second, they determined that an 
increase in the support given a slab of asphaltic concrete will increase 
its resistance to repeated loads, but may decrease the amount of toler-
able deflection of the slab~ 
Papazian (39) foresees the development and adaption of viscoelastic 
methods of pavement analysis and design as does Pagen (J8) and Krokosky 
(26). Papazian subjected cylindrical test specimens of dense-graded 
asphaltic concrete to sinusoidal-stress dynamic tests and constant 
stress static tests, yielding values of the complex elastic modulus, E*, 
and the complex transverse modulus, T*. The dynamic tests indicated 
that asphaltic concrete is a reasonably linear material having well 
defined complex moduli whose magnitude and phase vary with frequency. 
Chen and Hennes (5) combined vibrosonic tests and flexural tests to 
define a "dynamic modulus of rupture" for asphaltic concrete. Vibro-
sonic tests make use of the relationship which exists between the 
resonant frequency of the test specimen and its size, density, and 
modulus of elasticity. Vibrosonic test techniques were also utilized by 
Goetz (9) to calculate modulus of elasticity values from resonant fre-
quency measurements. He concluded that even though the modulus of 
elasticity values calculated using elastic theory may not be strictly 
valid (particularly at temperatures greater than q0°F) such measurements 
do provide valuable information concerning the elastic-plastic 
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characteristics of bituminous-aggregate mixtures5 
Pulse velocity testing techniques utilizing ultrasonic waves have 
been accepted as important testing tools for the engineero These meth-
ods are used to locate defects in metallic and non-metallic materials 
and to examine the structure of the material to ascertain its dimensions 
as well as its physical properties. The advantage of this method of 
testing is the nondependence upon specimen configuration and the ease 
and speed by which the test can be performed. 
Although it has been determined that changes in pulse velocity or 
dynamic modulus in a particular specimen of structural concrete are 
related to its strength properties, there seems to be no evidence that a 
unique relationship between pulse velocity and strength exists (2)~ 
Further tests on concrete were done by both Whitehurst (53) and Parker 
(40). Both investigators arrived at similar conclusions: 
1. The absence of internal cracking in concrete is indicated 
by pulse transmission through the mass at normal velocity; 
the presence of such cracks would be suggested by absence 
of a received signal or abnormal delay in its arrival. 
2. The depth of surface cracks may be ascertained. 
J. Compressive strength can only be approximated even with 
known materials. 
Manke and Gallaway (32) investigated pulse velocities in flexible 
pavement construction materials. They found that the pulse velocities 
in clays and more granular highway construction materials were related 
to moisture content, density, confining pressure, and cementitious 
material in the voids. In bituminous mixtures, they found that the 
characteristics of the asphalt binder influenced the wave propagation. 
They concluded that velocity increases with increasing asphalt content 
up to an expected limiting content for a given aggregate mixture and 
that velocity decreases with increasing temperature and increases with 
increasing density. They also suggested that pulse techniques using 
both shear and compressional wave forms could provide a useful method 
of determining the elastic constants of flexible pavement materials. 
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Previous work in ultransonic compressional wave testing done at 
Oklahoma State University has attempted to delineate the elastic, 
11 elasto-plastic", and plastic behavioral temperature ranges of asphalt 
aggregate mixtures (46). It was found that temperature did indeed sig-
nificantly influence compressional wave velocities in the asphalt con-
crete. Other influencing factors were asphalt content and asphalt 
consistency~ It was also shown that Poisson's ratio has an appreciable 
influence on pulse modulus values and 9 therefore 1 should not be assumed 
for accurate evaluation of the elastic properties of the mixture~ 
CHAPTER III 
THEORY AND METHOD OF ULTRASONIC MEASUREMENTS 
Waves in Elastic Bodies 
There are two general types of waves that can be propagated in an 
extended elastic medium; longitudinal and transverse .. These wave types 
are so named in regard to the particle displacement relative to the 
direction of propagation of the wave~ As shown in Figure 1, the direc-
tion of propagation of a longitudinal (compressional) wave is parallel 
to the axis of particle displacement .. For transverse (shear) wave 
forms, the direction of propagation is transverse to the particle dis-
placement, Longitudinal waves can be propagated in media which have 
volume elasticity, i.e .. , all types of media,. ,Transverse waves are only 
propagated in media which has shear elasticity, i .. e$, solids onlye 
Another type of wave, whose particles move in both the longitudinal 
and transverse directions, is propagated, if the solid medium is 
bounded by a free surface. This wave form, known as a surface or 
Rayleigh wave (after Lord Rayleigh), is propagated along the surface of 
the medium. Its intensity diminishes rapidly in the direction perpen-
dicular to the plane of the surface. At a depth of 1.5 times the wave-
length (A), the intensity (I) is approximately equal to zero (8)~ The 
velocity of transmission of the various wave forms is a function of the 
density and the elastic constants of the mediumo/ 
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Ftgure 1. Particle Displacement of Longitudinal and 
Transv~rse Waves 
From elastic theory (see Appendix A), it can be shown that: 
E(1-\I) 
p ( 1 + \I) ( 1 - 2\1) 
and 
where: 
V0 = Velocity of the compressional wave 
V1 = Velocity of the shear wave 
\I= Poisson's ratio 
E Young's modulus 
p = Mass density 
y = Bulk density 
Y. 
g 




From Equations (1) and (2), the relationship for Poisson's ratio can be 
expressed as: 
1- }f(V jV )2 C I 
\) • (3) 
From these equations, it is seen that by measuring the velocity of 
both the shear and compressional waves in a single test specimen, 
Poisson's ratio, Young's modulus, and even the shear modulus of that 
specimen can be computed. 
The measurement of these quantities is complicated by a phenomenon 
known as mode conversionQ Mode conversion occurs when a wave of one 
type is transformed into a wave of a different type. 
'When a single shear or compressional wave, traveling in a test 
16 
medium, strikes a free surface, two reflected waves are generated 
(Figure 2). A wave (A2 ) of the same type as the incident wave (A1) is 
reflected at an angle equal to the angle of incidence. A wave (A3 ) of 
the other type is also generated whose direction of travel is at an 
angle S. ex. and Sare related by the equation: 
Sin ex. 
= Sin f3 Va 
where: 
Vl Velocity of propagation of the incident wave. 
Va ~ Velocity of propagation of the generated wave. 
The acoustic impedence of a material (W) is defined as the product 
of the material density and the velocity of sound in that medium 
(W = pc). Materials with high sound resistance (impedence) are called 
"sonically hard", while those with low sound resistance are known as 
"sonically soft". Sound wave pressure (P), intensity (I) and acoustic 
impedence are related through the following relationships: 
P = WWA 
I 
where: 
W Angular frequency of sound wave. 
A= Amplitude of particle motion. 
When either a compressional or a shear wave, traveling through a 
solid medium,impinges on a boundary between two media both reflection 
and refraction occur. Four separate waves are generated: shear and 
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refracted (Figure J). The governing equation of this case is: 
Sin ~3 
= = (5) 
where: 
VOl :; Compressional wave velocity, material 1., 
voa = Compressional wave velocity, material 2. 
v,1 = Shear wave velocity, material lo 
v,a = Shear wave velocity, material 2. 
The reduction in intensity of an ultrasonic wave is called attenua~ 
tion. In a solid material, there are two general methods by which 
attenuation occurs; absorption and scattering. Scattering results from 
the fact that the material under test is neither extended nor strictly 
homogeneous. In a non-homogeneous material, there are boundaries at 
which the acoustic impedance changes abruptly because two materials of 
different density or sound velocities meet at these interfaces. On an 
oblique boundary, the wave is split into various reflected and trans-
mitted wave types; i.e., reflection and refraction occurs at this 
boundary., This process repeats itself for each wave at the next 
boundary, Thus, the original sound wave is continually separated into 
different waves which, along their complex paths through the material, 
are gradually converted into heat., 
Absorption is a direct conversion of sound energy into heat. 
Several processes for this energy conversion may be responsible (2~). 
The processes involved are beyond the scope of this study. However, 
absorption can be roughly visualized as a sort of braking effect on the 
oscillation of the particles. This visualization also helps to explain 
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why a rapid oscillation loses more energy than a slow oscillation; i.e., 
the absorption usually increases with the frequency of oscillation (25). 
Both types of losses limit the ultrasonic testing of materials. 
Pure absorption reduces the transmitted energy. This can be overcome by 
increasing the input wave energy and the output amplification. Scatter-
ing not only reduces the energy levels, but also produces different 
waves with different transit times in which the true wave may get lost. 
Generation and Reception of Ultrasonic Waves 
Ultrasonic waves are sound waves that have a frequency greater than 
that discernible by the human ear (>15-20 kc) 9 The introduction of 
ultrasonic waves into a material is accomplished by placing the material 
in contact with a vibrator which oscillates with the desired wave form 
and frequency. The generated waves are detected in a similar manner by 
placing the material in contact with a receiver which is capable of 
measuring the sound pressure of an incident wave. The most efficient 
and most widely used method of generation and reception of ultrasound 
has been the utilization of the physical phenomenon known as the 
piezoelectric effect. 
Piezoelectricity is "pressure electricity" .. It was discovered by 
Pierre and Jacques Curie in the 1880 1s. When a piezoelectric material 
is deformed by external mechanical pressure, electric charges are pro-
duced on its surface. The reverse phenomenon occurs when such a mate-
rial is placed between two electrodes. The material changes its form if 
an electric potential is applied across the elctrodes. This is known as 
the inverse piezoelectric effect. The primary effect is used for 
reception of ultrasonic waves and the inverse effect is used for the 
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generation of ultrasonic waves. 
The piezoelectric effect is a property of the crystal structure and 
is linked to an assymetry in it which can be characterized by the 
appearance of one or several polar axes (dipoles)o A dipole results 
from a difference between the average location of the positive charges 
and the average location of the negative charges in a molecule0 
In the case of quartz, a common piezoelectric material which occurs 
in nature in the form of hexagonal prisms, there are three polar axis, 
X1, :Ka, and Xa each of which passes through two opposite edges of the 
crystal (Figure~). The Z-axis of the crystal is parallel to the axis 
of the prism and is also called the optical axis 0 In addition, there 
are three Y axes normal to the Z axes and the X axes; i.e. 1 they pass 
through the centers of two opposite sides of the hexagon. 
The piezoelectric effect is best analyzed by using plates cut from 
the quartz crystal at right angles to an X-axis (X-cut) (Figure 5). A 
schematic of the crystal lattice structure itself is shown in Figure 6. 
Any pressure on the X-cut quartz plate slightly reduces its thick-
ness because it is elastic~ This shifts the electrically charged ele-
ments of the crystal lattice in a way relative to each other such that 
the plate becomes polarized. As a result, free positive charges appear 
on one side of the plate and negative charges on the other (Figure 7). 
For convenient discharge of the electric potential,· metal ·electrodes are 
used that are firmly attached to both sides of the plate. These layers 
form an electric capacitor with the crystal as the dielectric. The X-
cut quartz is used to generate longitudinal waves in a solid. 
A Y-c;ut quartz plate is cut from the quartz crystal at right angles 
to a Y-axis. The Y-cut crystal deforms in plane upon application of an 
"-.~ z 
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electric charge. This qrystal is used to generate transverse waves in a 
solid. 
Piezoelectric materials are manufactured: from ceramics. A ceramic 
is composed of a multitude of crystals in random orientation. Its prop-
erties are the sum of the properties of all these crystallites. Such a 
ceramic can be poled by a strong d.c. fieldf It will then behave 
roughly like a single domain ferroelectric crystal and will be 
piezoelectric, 
One of the most significant features of piezoelectric ceramics is 
their great stiffness. The deflections in response to a driving signal 
are very small, but they are very strong and not easily blocked, 
Piezoelectric ceramics are also very sensitive to small deflections and, 
therefore, serve very well as ultrasonic pickups. 
The best measure of the ability of a piezoelectric to act as a 
transducer of energy is the electromechanical coupling coefficient, k. 
The square of the coupling coefficient is the fraction of the input 
energy of one kind stored in the ceramic as energy of the second kind~ 
k2 = mechanical energy converted to electric charge 
. input mechanical energy . • 
The dielectric constant (K1 ) meaeures the amount of charge that an 
electroded slab of material can store, relative to the charge that would 
be stored by identical electrodes separated by air or vacuum at the same 
voltage. 
The piezoelectric charge coefficients, d, are the ratios of the 
electric charge generated per unit area to the force applied per unit 
area. These constants are generally written as tensor components with 
2/,i, 
subscripts d13 • The first subscript is the electrical direction, the 
second is the mechanical direction. 
The g13 coefficients are the ratio of the electric field produced 




The g and d coefficients are related to each other by the dielec-
tric constant, K1 , as, in a capacitor, the voltage Vis related to the 
charge Q by the capacitance c. The equations are: 
Q c:: CV 
E0 is the absolute dielectric constant equal to 8.85 X 10-12 farads per 
meter. Typical values of the constants described above are given in 
Table I for several of the most widely used piezoelectric transducers. 
Acoustic Coupling 
Many of the limitations of ultrasonic testing arise from the method 
of contact between the transducer and the surface of the test specimen, 
i.e., the degree of acoustic coupling. The degree of coupling depends 
upon the surface roughness of the material under test and the nature of 
the couplant material itself. In general, the smoother the surface of 
the specimen the better the coupling between the surface and the trans-
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specimen. As surface roughness increases, lower frequencies must be 
used to insure that sufficient energy is transmitted to the test mate-
rial and to reduce scattering at the surface. 
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The difficulty in choosing the couplant material is again the prob-
lem of impedance match. Since the sonic wave passes from the transducer 
into the couplant material and then from the couplant into the test 
material, the impedance match between both interfaces must be at an 
optimum. 
By far, the most widely used couplant is oil; usually oil of low 
viscosity. A non-dripping grease (silicone grease) is used in many 
cases as well. Highly viscous materials, such as mixtures of wax and 
oil and vegetable resins can be used for coupling normal probes for 
transverse waves. On smooth and flat surfaces, it is more practical to 
press the dry transducer against the specimen using a clamping device or 
weight. The probe can also be stuck on the specimen using an adhesive 
agent. 
Intermediate layers are sometimes used to protect the transducer 
from wear. This procedure, of course, broadens the pulse and a couplant 
is still required between the probe and the test material. 
Frequency 
The frequency (f), wavelength (A), and sonic velocity (v) are 
interrelated by the well-known equation: v fA. Since the sonic 
velocity of any material is ideally constant, it is easy to see that the 
frequency is proportional to the inverse of the wavelength. Increasing 
the frequency decreases the wavelength of the ultrasonic beam in the 
material. This, in turn, causes a greater concentration of the beam 
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and, therefore, a higher wave intensity. A higher wave intensity gener-
ates an increase in the voltage at the electrodes of the receiving 
transducer. Hence, an increase in frequency gives rise to an increase 
in sensitivity. On the other hand, a decrease in the wavelength in-
creases the absorption of the wave, It is, therefore, advantageous to 
use as high a frequency as possible consistent with tolerable 
absorption. 
Pulse Width 
When an electrical signal is applied to the electrodes of a 
piezoelectric transducer, the transducer begins vibrating with increas-
ing amplitude until a condition of steady-state is reached. Similarly, 
when the excitation voltage is removed, the oscillation amplitude of the 
transducer decreases to zero in an exponential manner. If the applied 
electrical signal has a frequency equal to the resonant frequency of the 
transducer, the transducer will oscillate at its maximum amplitude. 
However, if the applied electrical frequency is different than the 
resonant frequency of the crystal, the transducer will oscillate not 
only at its resonant frequency, but also at its harmonics. When the 
applied voltage is removed, the transducer does not cease vibration 
immediately. The amplitude of oscillation decreases as a function of 
the damping factor 5. 
The effects of pulse width are most important when ultrasonics are 
used for flaw detection. When an electrical pulse is applied to a 
transducer, the oscillations build up gradually to a steady-state condi-
tion of maximum amplitude in a finite period of time. If the electrical 
pulse is too narrow for the vibration of the transducer to reach 
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resonance, the wave amplitude in the test medium will never reach its 
maximum value. Therefore, for maximum detectability, the applied pulse 
must be wide enough to allow the transducer to resonate. However, as 
pulse width increases, it becomes more difficult to differentiate be-
tween two -separate defects lying close together. If the distance of 
separation is less than the pulse width, an indication of only one flaw 
will be obtained. 
Another drawback of broad electrical pulses is the fact that wave 
arrivals at the receiver are sometimes masked by secondary waves input 
into the specimen during the transient decay of the source transducer 
oscillation after the cessation of the electrical pulseu Therefore, it 
can be said that an increase in pulse width increases the amplitude of 
the input wave. Also, as the pulse width increases, there will be a 
corresponding loss in detectability and resolvability at the receiver. 
Surface Area of Transducer 
The amount of energy arriving at the receiving crystal is associ-
ated with the angle of divergence of the input beam. The less diver-
gence, the greater the wave energy at the receiver. As shown in Figure 
8, the angle of divergence of the beam, a, is given by the equation: 
Sin 2a = 0.5 A/a 
where: 
A= wavelength 
a= radius of source transducer. 
If the beam hits the side of the test sample at varying low angles of 
incidence, it can be reflected in such a way as to return to the center 
Figure 8. Approximate Shape of Ultrasonic Beam for Large 



















of the specimen after a number of reflectionso The receiver can then 
pick up those signals which have taken a longer path than those in the 
part of the beam which has remained in the central section of the sam-
ple. The result of this is to have interference occur among the pulseso 
This phenomenon is known as the "sidewall effect". It is usually 
desirable to have the diameter of the specimen several times greater 
than that of the transducer in order to reduce sidewall effects. How-
ever, larger transducers increase the difficulties in obtaining good 
coupling between the crystal and the test materialo 
Principles of Ultrasonic Measurements 
The propagation of sound waves in a medium is a function of both 
the elastic properties of that medium as well as the homogeneity of its 
structure. Ultrasonic testing procedures have been widely employed in 
primarily two areas: that of detecting and locating material disconti-
nuities and for the evaluation of material elastic constants. 
Flaw Detection 
In flaw detection investigations, material discontinuities either 
reflect the waves or provide a shadow of them. The testing techniques 
fall primarily into three categories: the echo method, the shadow 
method, and the resonance method. 
The Echo Method. A given flaw in a test medium presents an 
obstacle to the propagation of an induced sound wave. Since the flaw 
represents the inclusion of a material having an acoustic impedance dif-
fering from that of the surrounding test medium, the sound waves are at 
least partially reflected when they impinge on the test material/flaw 
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interface (Figure 9). A measurement of the time between the input of 
the original wave and the arrival, at the same point, of the reflected 
wave allows the calculation of the position of the defect if the speed 
of sound in the medium is known. Since the use of a continuous wave in-
put would not allow differentiation between one flaw and another, it is 
more beneficial to use wave pulses of finite duration. 
The equipment utilized in this test method consists of a trans-
mitting probe, a receiving probe 9 and an electronic means of measuring 
time (usually an oscilloscope)e Of course, proper electrical circuitry 
is necessary to provide the source pulse and to amplify the received 
signal. The receiver and transmitter probes can be combined into a 
single probe for convenience~ 
The Shadow (Transmission) Method. This test method is the oldest 
application of ultrasonic waves for non-destructive testing 9 dating back 
to 1930. The basics of this method are shown in Figure 10. 
This testing procedure utilizes through transmission of the pulse 
in the material. A receiving crystal is place~ on the side of the test 
material opposite that of the source crystal. Any discontinuity in the 
path of the wave causes a decrease in intensity of the wave at the 
receiver. A comparison is then made with the intensity received through 
a flawless specimen. Again 9 pulsed waves are used to avoid formation of 
standing waves in the test material. One of the most important advan-
tages of the shadow technique is that there is no lower thickness limit 
for the test sample. This makes the method an excellent technique for 
the examination of thin laminated sheets. Another advantage is that it 













Figure 10. Shadow (Transmission) Method 
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There are two principle limitations to this test~ First, opposite 
sides of the test material must be accessible and the probes must be 
directly opposed to each other .. The other drawback is that the exact 
position of the flaw cannot be determinedG 
The Resonance Method. This technique depends upon the reflections 
of ultrasonic waves from discontinuities. Resonance results from the 
fact that sound waves of definite length 9 on being reflected back and 
forth in the test material, are superimposed exactly in phase, whereas 
other waves cancel each other., Therefore, at resonance, maximum stress 
amplitude occurs. This resonance is influenced by the test material, 
the shape and dimensions of the test piece, the type and point of 
excitation and the mounting of the specimen. However, if all test con-
ditions remain constant, a change in material properties can be deter-
mined by comparative measurement. 
Since small flaws will not produce an appreciable effect on the 
resonance and since flaw position and size cannot be ascertained, this 
method is used primarily for thickness measurements .. By measuring the 
frequency difference, 6.f, between two successive resonance peaks, the 
plate thi<*ness can be determined from the following relationship: 
where: 
d = plate thickness 
d = c 2!::,.f 
c known velocity of sound in the plate 
!::,.f = successive resonant frequency difference. 
Material Property Evaluation 
Ultrasonic testing also allows the investigation of those proper-
ties of the material structure that affect the propagation velocity and 
attenuation of ultrasonic waves. Velocity measurements and attenuation 
measurements will be considered separately. 
Velocity Measurements. The relationships between the various 
elastic properties of materials and ultrasonic wave velocities have been 
derived in Appendix A and were presented earlier in this chapter. The 
elastic properties determined from wave velocity measurements, i.e., 
ultrasonic elastometry, are called dynamic constants. 
The methods of testing for ultrasonic wave velocities are inti-
mately related to ultrasonic flaw detection techniques discussed pre-
viously. They are usually divided into two categories, i.e., pulse echo 
methods and continuous wave methods. 
Several variations of the pulse echo technique have been used for 
wave velocity measurements. The first of these methods is the direct 
transmission of ultrasonic wave pulses using time delay. This method 
utilizes a cathode ray oscilloscope to measure the time lapse between 
the actuation of the source transducer and the detection of the gener-
ated wave at the receiver. Simultaneously with the transmission of the 
pulse, the time base on the oscilloscope is triggered. When the wave is 
received, it is displayed as a vertical deflection of the oscilloscope 
trace. A measurement of the t;i.me from the onset of the time base to the 
time of the vertical deflection caused by the wave arrival at the 
receiver gives the travel time for the wave. Velocity is then calcu-
lated by the equation: 
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£ 
v = t 
where: 
v = velocity of wave 
£ ~ path length 
t = time of tr1;1.vel. 
One of the major advantages of this method is that by transmitting 
directly from the source to the receiving crystal, the attenuation of 
the wave is kept to a minimum. Ergo 7 this approach is excellent for 
a highly attenuating test materialo 
Interference methods have been shown to be preferable to pulse 
delay methods in testing thin specimens. Several testing methods using 
this procedure exist, The basic techn.ique is shown in Figure 11. An 
ultrasonic pulse is introduced from the transmitter and the pulse 
reflects back and forth in the test material between the source and 
receiver transducers. After a proper delay time, a second pulse is 
introduced into the specimen. The delay time is adjusted so that the 
first pulse is detected at the receiving crystal one .echo transit time 
ahead of the second pulse pattern. These two pulses can be made to 
interfere in such a manner that they cancel each other. The velocity 
can be calculated using the following equation: 
v = 2iM 
where: 
v = wave velocity 
i, = sample length 
~f = frequency change between two successive in-phase 
transmissions (resonances). 
The so-called "sing around" technique actually measures pulse 
repetition rate rather than wave velocitye The first returned echo is 
used to refire the transmitter for the second echo train. The repeti-
tion rate of the transmitter is, therefore, a direct function of echo 
transit timeo 
J6 
Of the continuous wave methods, by far the most important are those 
utilizing resonant frequency determinationso Wave velocities may be 
evaluated from specimens of known thickness using the phenomenon of 
resonanceo The source transducer is applied to the specimen and the 
resonant frequencies of the standing wave are determined using a 
receiving crystal that indicates loading or deflection. For two neigh-
boring resonant frequencies: 
v = 2.tM 
where: 
v wave velocity 
.R, thickness of specimen 
6f = frequency interval between two adjacent resonancesQ 
Another continuous wave technique worthy of note is the frequency 
modulation method. This method uses continuous waves whose frequency is 
varied periodically. A wave that is reflected from the back.wall of the 
specimen arrives at the probe after a travel time t, with a frequency f 0 
at the moment of arrival, followed by a frequency rising to f1• By 
monitoring the elapsed time between the generation of a wave whose fre-
quency is the same as the received wave and the reception of the re-
flected wave, the travel time tis ascertainedo 
Attenuation Measurements~ Attenuation measurements are 9 more often 
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than not, made from instruments that also allow velocity determination. 
Therefore, the testing techniques themselves are not unique, but the 
quantity measured is different from that of velocity determinations. 
One usually measures relative attenuation rather than attempt quantifi-
cation of attenuation per se. The reason for this is that attenuation 
is usually measured as a function of wave amplitude. This amplitude, 
however, is not only affected by the attenuating properties of the test 
material, but by a number of other factors as well. 
In the pulse echo technique 9 attenuation is calculated by comparing 
the amplitudes of successively reflected multiple echoes in the test 
material. The coefficient of attenuation is obtained from the formula: 
where: 
a= attenuation coefficient 
i = thickness of specimen 
S1 = the ratio of the amplitude of the second pulse to that 
of the first pulse 
Sn == the ratio of the amplitude of the n + :t. pulse to that of 
th 
then pulse where n ~ 2, 3, ••• 
In the transmission method, attenuation is measured by comparing 
the amplitudes of pulse traveling through different thicknesses of the 
test material or through the test material and a standard material~ The 
tests are usually done with the specimen immersed in a liquid batho The 
attenuation coefficient a is then calculated from the equation: 
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where: 
a= attenuation coefficient of test material 
C£o = attenuation coefficient for liquid in which the 
specimen is immersed,,, 
A1 = pulse amplitude after passing through specimen 
thickness ti 
Aa = pulse amplitude after passing through specimen 
thickness £a .. 
Continuous wave methods are seldom used for attenuation measure-
ments, primarily because the reflected waves can interfere with the 
incident waves. The interference can be eliminated by using transducers 
with attenuating covers. If one defines the maximum and minimum trans-
mission coefficients Clt and Clt • as the ratios of maximum reflected 
max min 
amplitude to initial amplitude and minimum reflected amplitude to ini-
tial amplitude, respectively, then: 
where: 
~=attenuation coefficient of test material 





The electronic equipment µtilized to generate and to detect ultra-
sonic waves consisted of a pulse generator, source and receiver piezo-
electric ceramic transducers and an oscilloscope~ This equipment is 
shown in Figure 12, 
The pulse generator delivered a high voltage (1100 volt)~ direct 
current spike pulse at a frequency of 60 he~tz to the source transducer 
by the discharge of a condenser through an RCA 61JO hydrogen thyratron 
tube. A picture of the source pulse is shown as Figure 13. The pulse 
duration is .35 milliseconds. For optimum operation, other investiga-
tors have found that a source pulse duration in the order of 1 micro~ 
second should be used. This is particularly important for identification 
of secondary echoes of the pulse. However, in this study, the primary 
interest was in the arrival of the first direct path wave pulse and this 
drawback was considered to be of minor cpncern. 
The puls~ generator also provided a trigger pulse of 11 volts DC to 
the horizontal time base of the oscillosco~e. The trigger pulse 
occurred concurrently wit~ the main voltage spike~ The generator was 
developed by Professor A. M. Gaddis, formerly of Texas A & M University 
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Figure 12. Testing Apparatus 
Figure 13. Trace of Source Pulee 
and is not commercially available. A.schematic wiring diagram of the 
pulse generator is shown in Figure 14. 
~he compressional and the shear wave transducers were piezoelectric 
ceramics manufactured by Gulton Industries. This ceramic material is a 
composition of lead zirconate titanate (PZT) and is identified by Gulton 
as HST-41. A summary of the specifications for this material is given 
in Table II. 
The compressional ceramic discs had a diameter of 1.0 inch, a 
thickness of 0.25 inch (Figure l5) and were poled to be thickness 
expanders. The resonant frequency for these discs was 308 kilocycles 
per second. The source compressional transducer was provided with a 
2-inch backing of polyethelene rubber to serve as a damping material. 
The receiver was backed by a lucite cylinder whose primary function was 
to provide a means of attaching the crystal to the holding device 
(Figure 16). A thin coating of silicone grease was used as a couplant 
between the transducers and the test specimen. This couplant provided 
excellent transmission of the compressional wave. 
The shear mode crystals were constructed as 1.0 inch square plates 
with a 0.25 inch thickness (Figure 17). The shear plate thickness 
deformed into a rhombus upon excitation such that a shearing action was 
input into the test material. The resonant frequency of the shear 
plates was 172 kilocycles per second. Many different methods and mate-
rials were examined to determine the most suitable backing for the shear 
plates. Lucite and various thicknesses of rubber were among those 
tested. It was finally decided that a one-eighth inch rubber backing 
provided the best test results. 
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Figure 15. Compressional Wave Crystals 
Figure 16~ Holding Device With Specimen 
in Place 
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Figure 17. Shear Wave Crystals 
It was determined that pressure coupling of the shear transducer to 
the test specimen enabled good transmission of the wave into the mate-
rial under test. No intermediate coupling media was utilized, 
13oth sets of crystals were eleetroded on their two largest surfaces 
by a thin plating of a silver alloy affixed by the manufacturer. Leads 
of thin brass shemstock were attached to the electroded surfaces by 
soldering. 
The cathode ray oscilloscope was a Tectronix Type 545B with a Type 
B wide-band, high gain preamplifier plug-in unit, The instrument had 
two time-base generators (A and B) with delayed sweep operation ability. 
Time measurements were made using the delayed sweep operation, By oper-
ating the horizontal display in the 'B intensified by A• mode, a portion 
of Time ~se B was intensified during the time that Time Base A (the 
delayed sweep) was in operation. Using the B Time/cm or Delay Time 
switch in conjunction with the Delay-Time Multiplier, the beginning of 
the I\ sweep could be deb.yed so tpa.t :i,t would occur at any point desired 
on the B sweep~ ln this manner, the time from the beginning of the B 
sweep to any point on the trace cotJld 'tie determined by adjusting the A 
sweep to begin at that point an<J recording the delay time as read f:ro,n 
the dial settings (Figure 18). This method of measurement has the 
advantage of being indepenc1ent of the horizontal sweep ~inearity., 'l'M.s 
technique allowed time measurements to be made to an error of~ 2 
division of the Delay·time Multiplier di~l on the oscilloscope. The 
preamplifier had a vertical deflection sensitivity of 0,005 to 20 volts 
per centimeter and a horizontal time base sweep rate of 2 microseconds 
per centimeter to 1 second per centimeter with an acQuracy of ~3%. The 
rise t:i,.me of the preamplifil:lr unit was 18 nanoseccmds (10"'19 ). 
I 
.r--DELAY 
B TIME/CM or DELAY TIME Switch Setting X DELAY-TIME 
MULTIPLIER Dial Setting = Amount of delay between 
the· sto.rt of the B (delaying) 
and the start of the A 
(delayed) sweep. 
Figure 18. Time M~asurement on Oscilloscope Vsing I>elared 
Sweep (From Textronix, Inc. Manual) 
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'.femperature Monitoring Eguipment 
Variations in the tempe;rature of asphalt concrete have been shown· 
to influence ultrasonic wave velocities significantly. Consequently, it 
was deemed necessary to devise a method by which accurate determinations 
of test specimen teQJpera,ture could be made concurrently with pulse 
velocity readings. 
lt was decided that a thermistor implanted in the test specimen it-
self would yield the best results. A thermistqr is a semiconductor 
which ex;h:i.bits large chan,ge ;in resistance with temperature. Theil' small 
s;i;z;e (Figure 19) and adaptability to remote readQut devices made them 
ideally suited to the needs of this study. The thermistQrs chosen for 
this work were YSI Model 44004 manufactured by Yellow SpTings In$trument 
Company. They have a working range of ... u2°F to 270QF, 
The remote readout instrument was essentia.lly a galvonometer which 
mea$ured current change aero$$ the.variable resistance thermistor. 
Calibration of the dial to indicate temperature enables direct readings 
of the temperature at the thermistor location. The output devices 
selected were also manufactured br YSI and, of course, were compatible 
with the thermistors. They are known as YSI TheJ;'lllistemp TeleThermome~ 
ters •. The TeleThermom~ters chosen were Model 47TE. One TeleThermome-
ter had a working range of -t0°F to 105PF and the other had a working 
range of 6o°F to 212°F. 
Lead wires connecting the thermistors to the TeleThermometers were 
within si~e 18 to 22 gage. A simple phone plug was used as a connector 
to the readout device. 
The thermjstors were implanted in the test specimens by drilling a 
one-eighth inch diameter hole to the desired depth, placing the 
I 
Figure 190 Thermistor 
thermistQr in the hole and then filling the hole with asphalt cement. 
The ends of the lead wires were left exposed for connection. 
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Preliminary wqrk revealed that the temperature gradients between 
the center and the outer edges of the test spec~mens were insignificant. 
This was determined by implanting thermistors at varying depths and 
locations within the specimen and observing the temperatures as the 
specimen temperature was varied over the entire testing range. Conse .... 
quently, it was decided that one therm ts tor located at mid-depth and 
just off center of the specimen would yield sufficiently accurate tem~ 
peratures.. It was also determined that a thermistor placed in this loca ... 
tion would not interfere· significantly with the transmission of the 
sound pulse. Figure 20 shows the TeleThermometer, lead wire and sample 
specimen with thermistor in place. 
Environmental Control E9;4i;ement 
The sample specimens were heated to a maximum test temperature of 
170°F. This was accomplished using a Blue M Model OV-520C-1 forced 
draft oven with an operating range of 100 to 500°F. 
A 41,b-Line Model 3922 Controlled Temperature Cabinent with a maxi-
mum cooling capaci~y to -150~F was used for cooling of the test material. 
Minimum temperature used in these tests was -10°F~ 
Sample Preparation Equipment 
The equipment used for preparation of the asphalt concrete specimens 
c9nsisted of a mixer, a motorized gyratory-shear molding press and 
standard Marshall compaction equipment. 
A Model C-100 Hobart Mixer was used to mix the asphalt with the 
Figure 20. Temperature Monitoring Apparatus 
With Sample Specimen 
Figure 21, Motorized Gyratory-Shear 
Compactor 
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aggregate. The mixer was equipped with a whip beater for efficient 
mixing and to minimize aggregate degradation during the mixing 
operation. 
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The gyratory-shear molding press is shown in Figure 21. Compactive 
effort is applied by hydraulic pressure and rotation of the compaction 
mold which is held in a canted position. This imparts a kneading action 
to the material being compacted. The compaction process was continued 
until the densified asphalt-aggregate mixture had a certain resistance 
to load. 
A dial gage mounted on a steel shaft was utilized to determine 
compacted specimen thicknesses or heights. Readings were made to the 
nearest .001 inch. 
Materials 
Three different aggregates were utilized in the asphalt concrete. 
~11 three (a fine sand, a coarse sand, and a crushed limestone) were 
obtained from a local hot mix asphalt planto 
Asphalt Cement 
The asphalt cement used in this mixture was a 60-70 penetration 
grade steam and vacuum refined material. The specific gravity (at 77°F) 
of the material was 1.005 and it had a softening point of 118°F. 
Sample Preparation 
The aggregates were sized on UoS• Standard sieves and then recom-
bined according to the Oklahoma Highway Department specifications for a 
Type C surface course mixture (54). Figure 22 shows the combined 
grading of the aggregate mixture and the Typ~ C specifications. 
The aggregates and the asphalt cement were then heated to a tem-
perature of J25°F. The heated aggregates were placed in the mixing 
bowl, the proper amount of asphalt cement added and the mixing accom-
plished using the Hobart Mixer. 
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The Hveem-gyratory specimens were compacted into cylinders four 
inches in diameter and two inches high. These specimens were molded 
using the gyratory-shear compactor. This method of compacting bitumi-
nous specimens has been standardized by the Texas Highway Department 
(Test Method Tex-206-F, Part II), Different densities, i.e., void 
contents in the compacted specimens were achieved by varying the compac-
tive effort expended in the molding process. 
Hveem specimens were made with asphalt contents varying from 4% to 
8% by total weight of the mixture, Specimens at?~ asphalt content were 
compacted at void contents ranging from 1% to l1% by volume. 
Other specimens were molded using the Marshall Compaction Method. 
This method produces a four inch diameter by two and one-half inch high 
specimen. In this procedure, each face of the specimen was subjected to 
50 blows of a standard 10 pound hammer falling 18 inches. Specimens 
were compacted by this process at asphalt contents ranging from 4 to 6% 
by total weight. 
Testing Procedure 
General 
The advantages of examining asphalt concrete ultrasonically have 
been discussed earlier in this paper. Several investigators, as 
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previously noted, have pioneered work in this area. Goetz (9) used a 
resonant frequency technique to measure longitudinal wave velocities in 
asphalt concrete beam spec:'imen·s.,. Manke and Galloway (.32) employed a 
pulse technique to also measure longitudinal wave velocities in standard 
size asphalt aggregate samples. Previous work done by the author (46) 
utilized pulsed longitudinal waves to investigate the temperature-
dependent properties of asphalt concrete. However, up to this time, no 
pulse technique for measuring transverse wave velocities in asphalt con-
crete has been devised or at least no reference to such a technique was 
found in a rather extensive lite~ature review. The need for such proce-
dures has been pointed out in various studies. Measurement of the 
velocity of the transverse wave through asphalt concrete, in conjunction 
with similar measurements of the longitudinal wave velocity, would allow 
the calculation of several important elastic constants that are descrip-
tive of the dynamic nature of the test material. The technique pre-
sented in this study should provide the highway engineer a new means by 
which the dynamic behavioral tendencies of asphalt-aggregate mixtures 
can be &nalyzed nondestructively. 
The inherent inhomogeneity of asphalt concrete and the high attenu-
ation of ultrasonic waves passing through this material, as well as the 
self-imposed restriction of testing specimens compacted by standard 
methods to standard sizes, necessitated techniques differing from the 
standard procedures used with other, more homogeneous materials. The 
large grain sizes of some of the aggregate in the specimen required 
longer wave lengths than are usually employed~ The scattering caused by 
the large aggregate grains and the viscous nature of the asphalt binder 
required a wave of relatively large amplitude to overcome the 
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attenuation tendencies of the material. The longer wave length~ in 
turn, does not allow sharply collimated sound beams as is customary in 
metal testing. In addition, all three types of wave modes (compression, 
shear, and surface) are excited no matter what the polarity of the 
source transducer might be, fhis occurs because of the elastic nature 
of the piezoelectric crystal and the surface irregµlarities at the 
transducer/specimen interface. ;Due to the high attenuation and scatter 
in the material, identical source and receiver transducers were used, 
The receiving transducer was placed directly opposite to the source 
transducer (direct tr~nsmission method). 
The ultrasonic compressional wave travels with a greater velocity 
of any of the other wave modes. If an ultrasonic wave is input at one 
face of the test specimen, the first motion detected by the receiver on 
the diametrically opposite face will be the arrival of the compressional 
wave. Other wave modes, as well as reflected and refracted compressional 
waves, will arrive later in time than the original wave traveling a di-
rect path between the two transducers. This is due to their longer path 
lengths and/or slower characteristic velocities. Figure 23 is a sche~ 
matic diagram of the test set-µp showing the first pulses of different 
waves. The reception of the direct path longitudinal wave (L1) is fol-
lowed by tpe reception of the transverse (T1) and surface waves (Si). 
These waves may be distorted by the reflected and refracted longitudinal 
waves (41, 1:3, etc.). The numerous large aggregate grains further com-
plicate the output pattern due to mµltiple wave reflections and refrac-
tions at their boundaries. 
Because of the manner in which the specimen is supported in the 


















Figur~ 2J. Schematic Diagram of Ultrasonic Wave 




the receiver face of the sample. The portion of the wave not trans-
mitted to the receiver itself strikes the specimen/air interface and is 
reflected back tQward the source face of the specimen (Figure 2~). At 
the source surface, the wave is again reflected and travels back to the 
receiver transducer. This reflected wave arrives at the receiver at a 
time equal to 3 times t. Reflection continues in this manner until the 
wave source is shut down and the wave itself is damped to zero 
amplitude. 
Two separate types of tests were made in this study. The first 
type employed the longitudinally poled transducers to generate a rela-
tively high amplitude compressional wave and lesser amplitude waves of 
other modes. The se~ond test type used the transversely poled trans-
ducers to input a wave of a primarily shearing mode. 
Longitudinal Wave Velocity Measurements 
Figure 25 is a photograph of the oscilloscope trace of a wave 
transmitted through a~% asphalt concrete speci,men using the compres-
sional transducers, The major particle motion occurs in the longitudi-
nal mode due to the crystal polarity, hence the compressional wave 
travels through the test material with a relatively large amplitude. 
Therefore, the receiver~ also poled longitudinally, detects the longitu-
dinal wave not only as the initial particle motion, but also as a large 
amplitude disturbance. By this reasoning, point A on Figure 25 is the 
point in time when the direct path compressional wave arrives at the 
receiver, (tL 1 ). As discussed above, the wave re~lects between the two 
parallel surfaces. Conse~uently, points D and E in Figure 25 correspond 
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Figure 2~. Schematic Diagram Showing 
Reflection of Waves in 
Test Medium and Schemi:ltic 
Scope Trace 
Figure 25. Oscilloscope Trace of Longitudinal 
Wave lhrough 4% Asphalt Concrete 
60 
6:1. 
Simul taneoudy with the longi tud:i,na;J.. ret ..lect:i.ons in tne material, 
the source crystal is resonating because of the length of the driving 
pulse. Th;i.s behavior ~nputs a low amplitude wave with a frequency 
approximately equal to the resonant frequency of the crystal. Referring 
again to Figure 25 1 the period of the high frequency wave as measured 
from point 13 to point C is approximately J"J X '.lCJ"' 6 seconru;;. This 
corresponds to a frequency of JO} kilocycles per second. This frequency 
agrees well with the calculated resonant frequency for the transducers 
of JOB kilocycles per second, I;>uring this time, both reflected and 
refra~ted waves of different modes 1 as well as the direct path shear 
wave, are strik:i,.ng the receiver. However, the arrival of the direct path 
shear wave was sufficiently masked by the e~traneous indications so that 
it was not qefinitely distinguishable on the trace. 
Transverse Wave Velocitt Measurements 
I ,,j 
ShE1:ar wave velocities were more. difficult to <\etermine than were 
the compressional wave velocities. The basic problem in the measµrement 
of shear wave velocity stems f:rom the high attenuation ot the shear wave 
in asphalt concrete, the consequent necessity of inputting a high ampli-
tude wave, and the difficulty of securing good transducer/test spec:i.men 
coupling. Therefore, piezoelectric transducers operating in primarily 
a shear mode were needed to enable generation and detection of the shear 
wave. 
Unlike the compressional wave testing procedure;i, the fir:;t particle 
motion to arrive at the receiver will not be tne same mode as the major 
input. AH;hough the major input mode is 1;1hear, Poisson's effect will 
also cause small amplitude compressional waves to be introduced into the 
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specimen. These waves, traveling with a greater ~haracteristic veloc-
ity, will arrive at the receiver before the larger amplitude shear wave. 
other compressional waves, originating throug~ mode conversion as the 
shear wave impinges upon materials having different acoustic impedances, 
will also arrive ahead of the shear wave. I;f the original shear wave 
amplitude is not great enough, it~ arrival at the receiver will be 
masked by the other extraneous indications. 
In this type of test, the transversely poled transducers were used 
to generate a rell!ltively high amplitl..l.de shear wave in comparison with 
the other accompanying wave ;forms. Figure 26 is a photograph of an 
oscilloscope trace output from an asphalt conc;rete specimen tested with 
these shear transducers. The low amplitude, high frequency precursor 
displayed in the iIJitial portion of thE;l trace is not fully understo1:>d at 
this time. It was found not to be grass indication from the previous 
pulse and it did occ;ur immediately with the firing of the source crys-
tal. The precursor remained constant throughout the various tests and 
. . . 
was not noticeably aff~cted by temperature or the physical make up of :. 
the specimen. Again, because the major input wave particle motion 
occurs transversely, and since the receiver is poled to be most sensi-
tive to the shearin.g mode, the direct transmission transverse wave 
appears on the output trace with a relatively large amplitude. While 
the direct transmission longitudinal wj!lve p:q~cedes in time~ the arrival 
of the transverse wave because of its higher characteristic velocity, 
the amplitude of the longitudinal wave is sm,ller compared to that of 
the transverse wave. Point A on the trace (Figure 26) is considered to 
be the point in time of the arrival of the longitudinal wave. Peaks B 
and C define a period of 6.o X 10-6 secon~, corresponding to a 
Figure 26~ Oscilloscope Trace of 
Transverse Wave Through 
6% Asphalt Concrete 
6j 
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frequency of 166 kilocycles per second. This frequency compares quite 
favorably with the resonant frequency of tqe transducers (172 kilocycles 
per second) indicating that these signals are caused by the resonating 
of the shear transducer. At first observation 9 point C appears to be a 
likely choice for the arrival of the transverse wave. However 9 it was 
found that increasing the test specimen temperature resulted in varia-
tions in this point. The point in time where the trace crossed the zero 
axis (point D) was selected to be the time of arrival of the transverse 
wave (t11 ). This point was easily identifiable throughout the testing 
procedure. To determine if this point actually would indicate trans-
verse wave arrival, tests on steel, lucite 9 and concrete were run and 
the results compared with results published by other investigators• 
Table III shows that the procedure outlined above did provide excellent 
agreement with known results. 
Reflection of the transverse wave from the test material/air inter-
face occurred in a manner similar to the reflection of the longitudinal 
wave. The amplitude of the reflected wave was much reduced due to the 
attenuation characteristics of the shear wave in the test media. Point 
E in Figure 26 is believed to be the arrival of the first reflected 
shear wave (J X·' ;T~). 
The operation of the test equipment in recording the travel time of 
the ultrasonic pulse was basically quite simple., The test specimen was 
placed on the holding device with its bottom face resting on the source 
transducer and the receiver transducer was positioned on the opposite 
face of the specimen. The pulse generator activated both the source 
transducer and the horizontal trace of the oscilloscope simultaneously. 
When a signal was perceived by the receiver, it generated a small 
TABLE III 
COMPARISON OF SHEAR WAVE VELOCITY MEASUREMENTS 
Transverse Wave Velocity (FPS) 
Source Steel Lucite Concrete 
Krautkrarner 10"600 4,700 7,500* 
Filipczyn~ki et al. 10,600 3,700 7,000* 
Stephenson 9,500 4,200 7,200 
~The transverse velocity in concrete equals approximately one-half 




voltage that was preamplified and fed to the vertical plates of the 
oscilloscope causing a vertical deflection of the trace. A measurement 
of the time lapse between the activation of the souJ;"ce transducer and 
the vertical deflection of the trace on the oscilloscope screen 
yielded the travel time. The velocity of the wave was simply the known 
specimen height divided by the observed travel time, Figure 27 is a 
schematic diagram of the test arrangement and the equipment components. 
The measurement sequence for the full temperature range tests was 
to first cool the specimens to -15°F and then allow them to heat gradu-
ally until the terminal temperature of 160°F was reached, Test tempera-
tures were monitored using the thermistors and travel time readings 
were made at 5°F incremE)nts over the entire ran9e. Separate tests were 
made for longitudinal and transverse wave velocities. 
Precision 
The precision of tµe temperature readings was limited by the read-
out device. The available accuracy was approximately 1% of the scale 
span ( 1.5°F)" 
All of the travel time readings could be repeated to± 2 divisions 
of the Delay-Time MultipliE:r dial on the oscilloscope. This was 
equivalent to a precision of ±1,5%. 
OSCILLOSCOPE 















I 1100 VOLT oc f · lu YOLT DC-














TEST RESULTS ANP DlSCU$$lON 
Introd1,u;:t ion 
The testing technique ~mployed in this study would be advantageous 
only if it yielded results indica~ive of the actual dynamic properties 
of the material being tested. It was believed that if test results ob-
tained in the manner previously described were compatible with the 
e:iq>ected or predictable ~ehavioral tendenc;i.es, and if they were consist-
ent with the results obtained by other investigators using different 
testing procedures, that the us,ef\llness of this technique would be con!"' 
firmed. The ef(ects of variations in temperature, asphalt cqntent, and 
void content on the ultrasoni~ wave velocities in a specific asphalt-
aggregate mixture were investigated. Tl;le changes in certain ''elastic'' 
constants of this material as calculated from the observed wave veloci-
ties were also determined. The following results are presented only as 
indicative behavior of the particular material testedr 
Temperature Effects 
Ten specimens, two each, with asphalt contents of~, s, 6, 7, and 
8% by total weight, were continuously tested for cQlllpressional wave 
velocity as their temperature was increased from -15QF to t60°F. 
Internal specimen temperatures were monitored via tJ:ie :i,mplanted 
thermistors and velocity readings were made at increments of 5°F. 
Compressional Wave Tests 
Figure 28 shows two photographs of the compressional wave traces 
for a 4% asphalt concrete specimen. The top trace was made with the 
spec;i.men at a temperature of ~4°F, whil~ the bottom trace was made at 
160°F. It is easily seen in these photographs that the arrival of the 
initial vertical deflection takes almost twice as long in the hotter 
specimen as in the colder specimen. Secondly, the amplitude of the 
received wave is greatly reduced when the specimen is at the higher 
temperature. 
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Figure 29 is a plot of average compressional wave velocity in feet 
per second (fps) versus temperature (°F). For clarity, the actual data 
points are not shown, but the uneven nature of the plots indicates a 
certain amount of scatter in the readings. This data scatter can be 
attributed to several factors. Nonhomogeneity of the aggregate particle 
sizes, shape, and orientation in the compacted specimens is, perhaps, 
the most obvious source of error, Random errors inherent in the meas~ 
urement procedure, i.e., those related to the instrumentation and those 
pertaining to operator technique, could also be responsible for, or at 
least have some influence on, the scatter. 
Despite the scatter, however, specimens at each of the asphalt 
contents exhibited the same general trend. As shown in the figure, the 
compressional wave velocity decreased with increasing temperature, The 
rate of decrease also increased as the specimen temperature was raised. 
The average velocity decrease exhibited by these mixtures was approxi-
mately 46% of their maximum (low temperature) velocity. 
This decrease in compressional wave velocity with increasing 
temperature of the mixture was expected s;i.nce previous investigators 
160°F 
Figure 28. Effect of T~mperature on Longi-
tudinal Wave in 4% Asphalt 
Concrete 
(H0rizontal scale = 10 ·1.1sec/cm 




(9) ()2) have reported similar results. P;r,evie>us work indicated that 
this tendency also holds for mixtures containing different grades of 
asphalt cement although the exact behavior pattern, with regard to rate 
of decrease in velocity, is probably characteristic of a given asphalt-
aggregate mixture (~6). 
The behavior of an asphalt-aggregate mixture is complicated by the 
material deformation characteristics at various temperatures related to 
the consistency of the asphalt binder. At relatively high temperatures, 
the mixture may be a highly plastic (tendin~ to viscous) material and, 
at lower temperatures, the mixture may be considered as an elastic mate-
rial. Between these temperature extremes, the material will probably 
exhibit both elastic and plastic characteristics. 
As temperature is increased, the vis9osity of an asp:tlalt cement 
will decrease, the material characteristics changing from a brittle 
solid to a semi-solid and finally, to a viscous liquid. In an asphalt-
aggregate mixture, the films of aspJlalt surrounding the aggregate 
particles serve as a·. binder or cementing agent,. As i;he nature of the 
films change with increasing temperature, the aggregate matrix is less 
tightly bound together, iioe•, it becomes J,ess rigid., Consequently, the 
mixture is unable to transmit the compressional wave at as high a 
velocity as it can at low temperatures. 
It was expected that at some low temp~ature the compressional wave 
velocity would attain a limiting value. Although the curves do indicate 
a leveling off at lower temperatures, limitations of the temperature 
monitoring equipment prevented exam:1,.nations below -15°F. 
At the other temperature extreme, some minimµm rate of travel of 
the oompress ional wave was also expected. However, beyond the · · .. 
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temperature of 160°F the specimens softened to such an extent that they 
fractured and spalled during the testing operation. Consequently, 
velocity measurements could not be made above this temperature. 
Although instrumentation procedures were not developed to measure 
the attenuation of the compressional wave as it passed through the 
specimen, visual observations were noted. Compressional w~ve amplitude 
increased as the specimen temperature increased from -15°F to approxi-
mately 100°F• Above this temperature, wave amplitudes decreased until 
they became quite small. This phenomenon would indicate that there is 
a rather narrow range of temperatures at which optimwn transmission of 
the wave energy occurs in a particular mixture. Less energy is lost 
through the mechanisms of scattering and absorption in this particular 
temperature range than at any other. 
At low temperatures, the volume of the aspnal t cement will decrease 
giving rise to minute increases in vqid spaces in the matrix. Although 
the cement is more rigid and does transmit the wave at a higher velocity, 
these discontinuities in the structure apparently ;reduce the amplitude 
of the transmitted wave. As the temperature increases, the volume of 
the asphalt increases and ;fills a portion of the discontinuities, · 
thereby reducing the attenuation until an optimum temperature is reached. 
Beyond this temperature, the asphalt cement bec01Des so plastic that it 
severely attenuates the wave. 
Variation of the temperature dependent characteristics of the 
ceramic tran~ducer could also be an influencing factor on the wave 
attenuation. However, according to data supplied by the manufacturer, 
these are considered to be ve.ry minor within the range of test tempera-
tures employed. 
Shear Wave Tests 
Figure ,30 shows three photographs of shear wave traces for a 6% 
asphalt concrete specimen. The top trac~ was photographed at a specimen 
temperature of -15°F. The middle trace was photographed at a specimen 
temperature of 90"'F, and the lower trace i;tt a specimen temperature of 
160°F. Xhe arrival time of the large amplitude shear wave is readily 
seen to increase as temperature increases. Another unique feature is 
the increased wave amplitude at 90°F in relation to the other two 
traces. 
Figure ,311. is a plot of shear wave velocity (fps) versus temperature 
(°F),.. .A.gain,. some scattering of the data wi;ts encountered, although the 
trends of the plots for the various mixtures were consistent. This 
scattering is due to essentially the same causes as for that of the 
compressional wave-temperature :results. ot;her error sources related to 
the instrumentation for shear wave velocity measurements have been dis-
cussed previously. 
Figure 31 shows the same general behavior pattern as did the com-
pressional wave velocity~temperature plot (Figure 29). That is, the 
shear wave velocity decreased with increasing temperature and the rate 
of decrease increased i;ts the temperature was raised. Over the testing 
temperature range, the average velocity decrease as a percentage of the 
low temperature velocity was approximately 64%. This percentage 
decrease, although larger than for the compressional wave tests, is 
based on a smaller actual velocity change-approximately 5000 fps as 
compared to 7500 fps. 
Over the test temperature range, the ratios of comprt;isiional wave 






Figure JO. Effect of Temperature On the Transverse 
Wave in 6% Asphalt Concrete 
(Horizontal scale = 10 µsec/cm; 
Vertical scales = .1 v/cm) 
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ratios indicate that the shear wave velocities determined by this method 
are reasonable since they are compatible with those predicted from 
elastic theory. 
As ;illustrated in Figure 30, attenuation decreased until the speci-
men temperature was approximately 100°F. Beyond this temperature, the 
wave amplitude decreased drastically until the arrival of the wave 
became quite difficult to determine. Since the softening point of the 
asphalt cement used in this study was approximately 118°F, this could 
be another indication of the influence exerted by the viscous nature of 
the binder. The attenuation phenomenon is thought to occur in much the 
same manner as it does for the compressional wave. 
Asphalt Content Effects 
Although previous work indicated that wave velocity increased with 
increasing asphalt content considerably beyond that content normally 
considered as optimum for the mixture, the results of this study do not 
agree (46). In both the compressional wave velocity (Figure 26) and the 
shear wave velocity (Figure 27) tests, the velpcity increased w:i,th 
asphalt content up to a limiting value in the area of 6%,,.7%. For the 
aggregate mixture used in this study, optimum asphalt content was 6.2%, 
as determined by the Hveem-Gyraton test data. Figure 29 is a plot of 
compressional wave velocity versus asphalt content for o°F, 8o°F, and 
160°F. In l:>oth the low and the high temperature tests, the maximum 
compressional wave velocity occurred in the 7% asphalt content specimensq, 
The velocity at 6% ~sphalt content is, however, only slightly less. At 
8o°F, the 6% asphalt content material has the greatest velocity. 
Figure JO is a similar plot of shear wave velocity versus asphalt 
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Figure 32. Effect of Per Cent Asphalt Content 
on Compressional Wave Velocity 
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Figure JJ. Effect of Per Cent Asphalt Content 
on Shear Wave Velocity 
79 
Bo 
cpntent for temperatures of o°F, 8o°F, and 160°F. 
·, 
In these curves, the 
maximum shear wave velo~ity oceurred consistently in the specimens con-
taining ~% asphalt cemeni;. 
No direct correlation of optimum asphalt content and maximum wave 
velocity could be made. However, these GUrves, while not conclusive for 
defining optimum asphalt content as defined by standard tests, do give 
an indication of ttie percentage of asphalt that yields the best condi-
tions of inter-particle contact and minimwn path length for the trans-
mission of the wave. In a series of specimens compacted from design 
mixtures, ~onditions should exist where there is a sufficient quantity 
of asphalt cement to achieve optimum particle orientation and reduction 
of void content so that the pulsed wave can travel from aggregate 
particle to aggregate particle with only minimal travel di~tance through 
the acoustically slower asphalt binder. The use of lesser quantities of 
the asphalt binder should result in lower densities, increased voids and 
more random particle orientation, all of which combine to reduce the 
velocity of the mechanical wave, Asphalt contents above this 11Qptimum" 
will tend to force the aggregate particles apart, reduce inter-particle 
contact and force the w~ve to travel through the acoustically slower 
asphalt cement foJ:' longer per~ods. This will increase the travel tt.ne 
of the wave and greatly reduce its veloc;i.ty. 
The contradiction between these results and those of the earlier 
study is believed to be related to the differences in the aggregate used 
in the two mix designs. Of particular significance is the difference in 
surface texture of the two aggregates, Sipce the aggregate constitutes 
approximately 90% of the volume of the mixture, the aggregate character-
istics will have a large influence on the mechanical properties of the 
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asphalt concrete and, therefQre, a large influence on the rate of wave 
transmission through the material. The interaction of the aggregate 
grains occurs primarily ttrough inter~particle friction. The factors 
contributiru:1 to inter-particle friction are 1) particle surface texture, 
2) particle shle, .'.3) void :i:-atlo~ 4) particle size, and 5) particle 
gradation. The most important of these is, however, the surface texture 
of the particle. The aggregate used in the earlier study was a well-
graded silicous river sand, The ~and had rounded particles with a top 
size of three-eighths inch, In this study, a crushed limestone and two 
different sands were com~ined to also provide a well-graded material. 
The grains were angular and had a top size of one-half inch. Additional 
research in this area is needed before more definite <,:Gnclusions can be 
drawn., 
Void Content Effects 
In an attempt t<> define the relationsh;i.p between the percentage of 
vo;i.ds in the test material to the velocity of an ultrasonic wave through 
it, fifteen specimens were comp~cted using the Hveem~gyratory technique. 
The void contents ranging from o,.84% to 11.22% by vqltune were obtained 
by varying the total com;pactive effort applied to the spec:l.men. Com .. 
pressional w~ve and shear wave velocity measurements were then made at 
Com2ressional Wave Tests 
Figure J4 shows a plot of compressional wave velocity versus void 
content, A conside:rable amount of data scattering is evident, a~though 
the difference betwe~: the m•~imum velocity and the minim~ velocity was 
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Figure J4. Effect of Per Cent Void Content on Ultra~onic Wave 
Velocity 
only 1416 fps (8% of maximum) for the -15°F tests and 2,60 fps (17% of 
ma:dmum) for the 80°F tests. Due to the apparent linear relationship, 
linear regression lines were determined for these two data sets. The 
slope of the -t5°F linear regression line was +15.20 (fps/% void 
content), The line is essentially horizontal indicating a negligible 
effect of voiQS cc,ntain~d in the test material on the wave velocity at 
that temperature. Ori the other hand, the slope of the 8o°F linear 
regression line wa111 ... 107.04: (fps/% void content). This indicates that 
an increase of the amount of voids in a specimen at 80°F caused a 
decrease in the rate of transmission of the compressional wave.through 
the material"' 
Shear Waye Tests 
Figure 34 also shows a plot of shear wave velocity versus per cent 
voids for tests at ~t5°F and 8o°F. 
These show the same ~eneral trend as did the compressional wave 
plots. The slo~e of the linear regression line for the -15°F test is 
-24.18 (fps/% void content), indicating a minor effect of void content 
on the velocity of the shear wave through th~ specimen. At laboratory 
t~perature (80°F), the linear regression line slope (-62.19) indicates 
an increased dependency of shear wave velocity on the void content of 
the specimen. although not as great as does the compressional wave 
velocity. 
The data scatter in both the compression and the shear tests are 
probably attributable to the fact that the size of the aggregate parti,-
qles, as well at!I their orientation in the asphalt-aggregate matrix, have 
a large influence on the rate of transmission of an elastic wave through 
the material. The aggregate used in the mix, as previously stated, had 
a top size of one-half inch. Orientation of several of these larger 
particles such that most of the travel path (Z2.<) inches) of the elastic 
wave was through these particles would result in high velocities. The 
velocities of waves having travel paths through more of the asphalt 
cement rather than the aggregate constituent would have slower travel 
velocities. 
Taking into account testing error and normal data scatter, Figure 
J~ reveals that the amount of voids in a material specimen at low tem-
perature had little, if any, effect on the rate of transmission of the 
ultrasonic wave. The increased viscosity ot the asphalt binder at these 
temperatures seems to be of primary influence. At the higher tempera. 
ture, where the asphalt viscosity is less and the asphalt volume is 
greater, the amount of voids included in the matrix is relatively more 
important, This indicates that the nature of the binder has a smaller 
influence on inter-particle contact in the more dense specimens than in 
the less dense specimens, That is, the better aggregate-to-aggregate 
contact in the denser or more highly compacted material results in a 
relatively higher rate of transmission of the acoustic wave, 
"Elastic" Constants 
Admittedly, asphalt concrete can be thought of as an elastic mate-
rial only under certain conditions. Primarily, these conditions are 
low qiaterial temperature,'where the plastic properties of'the 
matrix are reduced, and low magnitude. of loading" 'l'he, assµritption of 
homogeneity, also necessary for elastic theory, can be made only in the 
generalization that the matrix is equally inhomogeneous in all 
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directions. However, most engineers are so familiar with such mate-
rial parameters as :Poisson's ratio (V);,, Young's Modulus, and the Shear 
Modulus that there does seem to be some value in determining these or 
similar parameters from wave veh>city measurements.. Such values should 
characterize a material and its behavior under varying conditions as 
well as the more fundamental factors rooted in the classical theory of 
ela,stici ty. 
1n recognition of the difference between Young's modulus for a 
homogeneous, elastic material such as steel and the stress,strain rela-
tionship for asphalt-aggregate material, various investigators have 
called this relationship the sonic modulus, modulus of resilient defor-
mation, deformation modulus, E-modulus, etc., depending upon the type of 
test used to determine the value. Likewise, the shear modulus is often 
designated as simplr the G-moaulus. The assumption of elasticity, 
although not theoretically valid, does permit these quantities to be 
hi:Uldled with some familiarity. The equations relating shear and com-
pressional wave velocity to the "elastic" consta,its have been derived in 
the Appendix. 
E-Modulus 
A plot of E,,.modulus values versus temperature for the ;respective 
asphalt content mixtu:i;-es is shown in Figure 35. E-modulus values 
ranQed from a high of 5.03 X 106 psi for the 6% asphalt content speci~ 
mens at -15°F to a low of 0.35 X ior psi for the 8% asphalt content 
specimen at 160°F,. The amount of decrease in the E-modulus values be-
tween -15°F and 160°F wa~ in the range of 86%. The decrease in E-
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findings have been reported by Goetz (9), Kalles and Riley (22), as well 
as Kingpam 4Uld Reseigh (2)). 
Viarious investigators have demonstrated the relationship of the so-
called ]l)-modulus to both the frequency of loading and the loading stress 
for asphalt concrete material (22) (36), They have shown that the E,. 
modulus values vary directly with frequency and inversely with loading 
stress. The values of the E-modulus presented here are in excellent 
aQreement witll the :i;o;nic modulus vdues re;ported by Goetz (9), 
Monismith et al. (J6), using repeated~load compression tests, reported 
values of the modulus of resilient deformation (E1 ) in the range of 
8 X 105 psi. Their tests used a deviator stress of 20-40 psi, llowever, 
much la:rge:i;- than that induced in the ultrasoniq techn;i.que, Gregg et al. 
(10), ut;i.liz;i.ng a triaxial testing method with ~pw frequency repetition, 
reported moduli of resil;i.ent deformation for bituminous stabili~ed sand 
bases in the range of 2,2 X ~o~ psi. 
Since, in th;i.s procedure, E--modulus is determined from evaluation 
of the compressional and shear wave velocities, any factor influencing 
these velocities are mirrored in the E;-moduli values, The plot indi-
cates that the ~modulus is very significa;ntly influenced by temperature 
and, to a lesser degree, by the asphalt content. E-modulus values in~ 
crease with asphalt content up to 6%. Above this asphalt limit, the 
moduli decrease. Again, the maximum E,.,modulus seems to correlate with 
the asphalt content at which maximum wave transmission rate occurs. 
Since, in classical elastic theory, Eis the ratio of applied stress to 
strain, it would indicate that those conditions that·promote maximum 
wave velocity also result in the greatest stress-strain ratio for the 
material. The limiting factors, of course, are the assumption of 
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elasticity, the loading stress and rate of loading. further investiga-
tion is needed, however, before a definite conclusion is made. 
G-.Modulus 
The determination of the G-modulus of a material is an attempt to 
quantify the shear properties of the test material• In classical theory 
the shear modulus is the ratio of shear stress to shear strain. Again, 
the assumption of elastic behavior is made. Since the G-modulus is a 
function only of the shear wave velocity and ma~s density of the mate-
rial (see Appendix), the relationship of G-modulus to temperature 
(Figure ;6) is generally the same as for the shear wave velocity-
temperature plot. The G ... modulus values ranged from a maximum of 
1.81 X 106 psi for the 6% asp)lalt content specimen at -15°F to 
0.117 X 1cf psi for the 8% asphalt content specimen at 160°F. The aver~ 
age decrease in G-modulus exhibited by the respe~tive mixtures was 
approximately 87% of the ma:ici111um or low temperature niodq-lus 11 · ~-1\s.·with' 
the E-modulus plots, the G-modulus is a maximum throughout the tempera~ 
ture range for the 6% asphalt content mix. 
Poisson's Ratio 
Poisson's ratio, an elastic parameter, is the ratio of the unit 
lateral deformation to the unit longitudinal deformation of a specimen. 
This constant is often related to the "stiffness" of a material. Steel 
has a Poisson's ratio of approximately 0.30 while rubber has a Poisson's 
ratio of approximately 0.50. 
Figure 37 is a plot of Poisson's ratio versus temperature for the 
5% and the 8% specimens. The behavior is typical of the specimens at 
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other asphalt contents. The plot shows that at low temperatures, 
foisson's ratio for the 5% specimen is approximately 0.)85 while that 
for the 8% specimen is o.405. Both values hold reasonably constant 
until a temperature of between 80°F and 100°F is reached, These values 
are in the same range as average values for silver (0.)8), brass 
(0.374), lucite (o.4o), and nylon (o.4o), indicating the rigidity or 
stiffness of the asphalt concrete at these low and intermediate tempera~ 
tures in the test range. Between 8o°F and 100°F, Poisscm I s ratio for 
both specimens begins to increase rapidly until a value of 0.449 and 
o.477 is re~ched at 160°F for the 5% and 8% asphalt content specimens, 
respectively. As would be expected, the ratios at the higher tempera-
tures approach the theoretical maximum ratio of 0.50. 
These plots also illustrate the effect of asphalt content on 
Poisson's ratio, i,e., Poisson's ratio increased monotonically with 
increasing asphalt content of the specimens. This further reflects the 
behavioral dependency of the material on the visco-elastic nature of the 
binder. When the test specimen was heated to the point at which the 
asphalt binder began to soften1 the change in a~phalt consistency caused 
a significant loss of rigidity in the material. 
~ests on Marshall Specimens 
In the latter stages of this investiQation, an attempt was made to 
compare the elastic wave velocities exhibited by a series of specimens 
compacted by the Marshall method with those determined for the Hveem-
Gyratory specimens. Although both shear and compressional velocities in 
the kneaded or gyratory compacted specimens were generally greater than 
in the specimens compacted by the impact procedure, not enough 
information was available to provide conclusive results as to the 
effect of comp~ction method. However, the data developed from these 
tests indicate that the type of compaction method probably exerts an 
indirect influence oq th~ wave velocity through a compacted specimen~ 





The primary objective of this study was to develop a technique to 
mea~ure the velocity of an ultrasonic shear wave propagated through 
1;:tsphalt concrete"' This technique, along with measurements of the ultra-
sqnic longitudinal wave velocity, would provide a new nondestructive 
method for delineating the dynamic praperties of asphalt-aggregate 
mixtures. 
It can be concluded from the preliminary tests that it is indeed 
possible to measure ultrasonic ~hear wave velocities through standard 
size specimens of compacted asphalt-aggregate material. It has been 
demonstrated that the ultrasonic testing procedure developed in this 
paper can be used to yield beneficial information regarding the dynamic 
pr9perties of asphalt concrete. This nondestructive testing procedure 
shows great promise of yielding useful information concerning the behav-
ioral characteristics of other types of pavement construction materials 
as well. The possibility also exists that material parameters deter-
mined by this or similar techniques will have some application in the 
area of design, control, and subsequent in-situ evaluation of flexible 
pavement components"' 
A brief, non-statstieal study of a single a~phalt-aggregate mixture 
resulted in the following observations concerning the behavior of the 
ml;lterial: 
1. The temperature of the asphalt..-aggregate tei;;t material 
had a great influence on the velocities of both the shear 
and compressional waves. Both velocities decreased with 
increasing temperature. The rate of decrease of the 
velocity increased with increasing temperature. The 
amplitudes of both wave types was a maximum at approxi-
mately 100°F. Wave attenuation increased as temperature 
varied above or below this optimum temperature. 
2. Wave velocities were at a maximum in specimens compacted 
with asphalt contents between 6 and 7%. An increase 
above 7% or a decrease below 6% asphalt content resulted 
in reduced velocities. Thus, an "optimum" asphalt con-
tent for wave tran~mission existed at 6-7% asphalt. 
J. At -15°F, the amount of voids contained in a compacted 
asphalt-aggregate specimen had no effect on either the 
compressional or shear wave velocitf• At laboratory tem-
perature (8o°F), however, an increase in voids resulted 
in a decrease in wave velocity. This trend was most 
evident for the compressional wave. 
~. The E-moduli and the G-moduli, calculated using the wave 
velocity measurements, decreased with increasing tempera~ 
ture. The rate of decrease also increased with increasing 
temperature. The maximum moduli were associated with the 
test specimens containing 6% asphalt cement. 
5. Poisson's ratio increased monotonically with increasing 
asphalt content of the specimens. ~he values were 
essentially constant until a temperature between 80° and 
100°F was reached. Beyond this limit, Poisson's ratio 
rapidly increased to approximately 0.50. This behavior 
is probably indicative of the influence of the viscous 
properties of the asphalt binder. 
6. The type of compaction method used for asphalt-aggregate 
mixtures exerts some in~luence on the ultrasonic wave 
velocities. This effect is probably related to the 
ultimate particle orientation and effect of inter-
granula~ contact in the compacted specimens. 
7. Thermistors, implanted in the test specimens, provided 




RECOMMENDATIONS FOR FU~THER RESEARCH 
This investigation has brought to light areas in which additional 
work is needed. It is suggested that further studies in this field 
should be directed in the following areas: 
1. Further refinement of the instrumentation procedure is 
needed. Of first concern should be the improvement of the 
pulse generation technique. Special regard shoul,d be paid 
to the shortening of the time length of the pulse. The 
adaptation of high voltage pulse generators, now commer-
cially available, could allow flexibility in pulse length, 
frequency variation, and internal damping. It should be 
possible, with certain improvements in equipment, to meas-
ure both, longitudinal and transverse wave velocitias 
simultaneously. A shearing mode transducer with a resonant 
frequency in the 100 kilohertz range, coupled with a buffer 
rod between the transducer and the test material, would 
allow distinct differentiation between compression and 
shear waves detected at the receiver. The problem of 
securing good coupling between the crystal/buffer and 
buffer/test material interfaces would have to be over-
come, possibly through the use of wax or some type of 
cementing agent as a couplant material., 
The use of larger diameter crystals would reduce the 
tendency of the input wave pattern to have a spherical wave 
front. This could eliminate some of the mode conversion 
tendencies, particularly those occurring at the edges of the 
sp~cimen, The larger crystal area, however, would increase 
the possibility of faulty coupling of the crystal to the 
specimen. Because of the roughness of the test specimen 
surface, some type of protective coating on the crystal is 
needed to reduce erosion of the transducer surface. 
2. lnstrumentation and measurement techJliques should be 
developed by which the attenuation of an ultrasonic wave 
traveling through asphalt concrete can be measured, It 
is possible that the attenuation, along with wave velocity, 
i~ dtrectly related to various material properties. The 
'sing around' technique for attenuatiqn measurements, as 
described in Chapter IlI, shows promise for use with 
asphalt concrete materials. 
J. Correlation of ultrasonic E and G~moduli to static E and 
G~moduli should be attempted. While no direct correlation 
may be possible, such a study should provide additional 
information regarding the value of the ultrasonically 
determined parameters. 
4:. A study :relating the ultrasonic moduli values to tne 
standard Marshall and Hveem stabilities would be 
worthwpile. 
5. The effects of aggregate type, sqape size, gradation 
and surface texture on the ultrasonic wave velocities 
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should be investigated. 
6. Procedures should be evolved by which this method of test 
can be applied to the testing of in-situ pavement 
structures. The procedures would, of necessity, have to 
be effective with access availabie to only one side of the 
structure. This would dictate either a pulse echo tech-
nique or measurement of Rayleigh (surface) waves. Prelim-
inary testing of specimens cored from existing pavements 
should give an indication of the applicability of the echo 
technique to the in-situ material, 
7. Ultrasonic wave velocity measurements should be applied 
to the investigation of soils. This testing technique 
shows promise of being an efficient means of quantifying 
various dynamic soil pr~perties nondestructively. 
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APPENDIX.. 
DERIVATION OF WAVE VELOCITY EQUATIONS 
The theory of propagation of stress waves is developed from elastic 
theory. The variation in stress across a small el,..stic parallelepiped 
is shown in Figure J8. The forces acting on eacq face are proportional 
to the stresses at the center of .the face multiplied by the area of the 




Neglecting body forces, Newton's second law of moti9n states that the 
sum of the forces in a given direction is equal to the mass of the 
particle times the acceleration in that direction; i.e.: 
where: 
p =density=~ 
u = displacement in x direetion 
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P otij ::;: ""§i"" + ~ + '""'az (4c) 
where: 
v = displacement in y direction 
w = displacement in z direction. 
Hooke's law states th~t each of the components of stress is at any point 
a linear function of the six components of strain~ In general: 
. . . . . . . 
cr.,,, =-' c21E111111 + c2 aE11 + c236zz + Ca4Eyz + c2 5Ezic + c2sE1111 (51;>) 
(5c) 
(5d) 
, . •,· 
O'zx = csJ.Exx + CEiaE11 i+ csaEu + CS4E1 , + cssfu + csaEx'I (5e) 
. ' . . 
O'x 1 = ce1E0 + eeaE.,., + ceaEzz + Ce4Eyz + ees~zx + eeeEx 1 , (Sf) 
In orde;r to l:IE!.tisfy the condition t):lat the elai:rUc energy be a llnivalued 
function of the si;rain 1 any coefficient crl muf;lt be equal to the coeffi-
cient c,r• In an isotropic solid, the values of the coefficients must 
be independent of the rectangular axis system chosen and, therefore, 





All the other constants are zero. 
?herefore, Equations (5) become: 
(?a) 
cr.,., ;;; ";..6. + 21.J.E.,., (7b) 
(7c) 
O",. z = µE,z (7a) 
Oz II = µEzx 
O'x 'I = µeu: (7f) 
wnere: 
Now, From Equa~ions (4a~c), using Equations (7a-f): 
(8) 
Since: 
OU QW OU 
Exx = ox ; Exz = ax + ai 




Differentiating Equation (9) with respect to x, Equation (10) with 
respect to y and Equat;ion (U) with respect to z and adding: 
which is analogoqs to the wave form: 
This shows that the dilation A is prop~gated through the medium with a 
velocity [(A+ ~)/p]~. Jf, however,~ is eliminated between Equ~tions 
(10) and (11) by differentiating Equation (:J.O) with respect to z and 
Equation (11) with respect toy and subtracting: 
o3 aw ov;)· .• (]w Q;) p~--- .. µva- ... -ot ·Y o · y o 
-wx is the rotation about the x axis. 
Therefore: 
TherefQre, waves with two differing velocities may be transmitted, 
Those with no rotation travel with V =[(A+ 2µ)/p]Y.i (compressional 
wave) and w~ves that travel with no dilation have a velocity 
V = (µ/p)Y.i (shear). 
Hence: 
Vo = ~ A ~ 2µ 
and: 
v, = ff. 
Since: 
\)~ 
A = <1 + v)(1.,. 2v) an<;! µ = G = 2(1 + V) 
v = Poisson's ratio 
E 1 ... \). 
v, =J2p(~+v) =J%• 
Solving Equation (12) and (1,> for G and E yields: 
G = p v,a 
E • [J - a-;'J -J p v,• 
and 
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